Sepsis, a leading cause of death worldwide, involves concomitant expression of an overzealous inflammatory response and inefficient bacterial clearance. Macrophage function is pivotal to the development of these two aspects during sepsis; however, the mechanisms underlying these changes remain unclear. Here we report that the PD-1:PD-L pathway appears to be a determining factor of the outcome of sepsis, regulating the delicate balance between effectiveness and damage by the antimicrobial immune response. To this end we observed that PD-1 Ϫ/Ϫ mice were markedly protected from the lethality of sepsis, accompanied by a decreased bacterial burden and suppressed inflammatory cytokine response. To the extent that this is a macrophage-specific aspect of the effects of PD-1, we found the following: first, peritoneal macrophages expressed significantly higher levels of PD-1 during sepsis, which was associated with their development of cellular dysfunction; second, when peritoneal macrophages were depleted (using clodronate liposomes) from PD-1 Ϫ/Ϫ mice, the animals' bactericidal capacity was lowered, their inflammatory cytokine levels were elevated, and protection from septic lethality was diminished; and third, blood monocytes from both septic mice and patients with septic shock shared markedly increased PD-1 levels. Together, these data suggest that PD-1 may not only be a dysfunctional marker/effector of macrophages/monocytes, but may also be a potential therapeutic target for designing measures to modulate the innate immune response, thereby preventing the detrimental effects of sepsis.
A n ideal inflammatory response should eliminate invading microorganisms while causing minimal damage to tissues, organs, or other host systems. Sepsis represents a complex clinical syndrome that is thought to develop when the initial host response against infection becomes inappropriately amplified, then dysregulated, thus becoming a harmful host response (1) (2) (3) . This dysregulated host response is characterized by sustained infection and an uncontrolled systemic inflammatory response, which results in tissue damage and, ultimately, multisystem organ failure (MSOF), the clinical hallmark of sepsis and direct cause of mortality (4) . The innate immune system is the host's first line of defense against infection and responds in a dynamic fashion during sepsis, ranging from an initial overwhelming inflammatory immune response to the later development of a generalized immune suppressive/anergic state, which is characterized by the dysfunction of effector immune cells (5, 6) . Macrophages are critical effector cells contributing to the altered innate immune response against infection, as they are the most efficient pathogen scavengers and the predominant source of inflammatory cytokines (7, 8) . Severe sepsis has been shown to be associated with progressing macrophage dysfunction (9, 10) . However, the mechanisms underlying the decline in macrophage functional capacity remain unclear. Antigen-independent signals provided by pathways from B7:CD28 family, whether stimulatory or inhibitory, are critical to a balanced immune response (11) . Distinguishing it from other members of the CD28 family, programmed death 1 (PDF-1) is widely expressed in tissues and organs and participates in a larger spectrum of immune responses. Studies have shown that PD-1 is inducibly expressed on CD4 ϩ T cells, CD8 ϩ T cells, NK T cells, B cells, and monocytes upon activation and plays critical roles in the regulation of autoimmunity, tumor immunity, viral/parasite immunity, transplantation immunity, allergy, and immune privilege (12) (13) (14) (15) (16) . However, the role of PD-1 in bacterial infection has not been elucidated.
Here we examine the roles of PD-1 in severe bacterial infection, using a model of polymicrobial sepsis. Surprisingly, the results indicate that PD-1 plays a critical role in exacerbating the inflammatory response during sepsis, during which macrophage functions associated with bacterial clearance are also suppressed. Furthermore, PD-1 appears to mediate these effects by contributing to the deterioration of monocyte/macrophage function, thereby providing a potential novel therapeutic target. ) and PD-1 Ϫ/Ϫ mice were subjected to cecal ligation and puncture (CLP) surgery and mortality was monitored. We observed that, in male WT mice, CLP caused mortality close to 80% (25 of 32 mice) at 7 days post-CLP (Fig. 1A) . However, male PD-1 Ϫ/Ϫ mice were significantly protected against CLP-induced lethality. None of the PD-1 Ϫ/Ϫ mice died until 4 days post-CLP, at which time 72% of the WT mice (23 of 32 mice) were dead. At day 7 post-CLP, 77% of the PD-1 Ϫ/Ϫ mice survived (17 of 22 mice) compared with 22% of the WT mice (7 of 32 mice). These data demonstrate that PD-1 deficiency can efficiently protect mice from early death in sepsis.
Results and Discussion

PD
A hallmark of severe sepsis is the development of MSOF, which is believed to contribute to septic mortality (3) (4) (5) . To determine the extent to which PD-1 deficiency can lessen the detrimental effects of the inflammatory response on various organ systems, we examined the general pathology of several organs after CLP. Some of the pathologic hallmarks of gut injury during sepsis are villus shortening, epithelial cell loss, mucosal cell sloughing, and mucosal wall thinning (17), which we observed here after CLP. Similarly, in the kidney, in response to CLP, evidence of tubular necrosis, elevated serum creatinine levels, and tubular damage can be seen (18) (Fig.  S1 ). These changes in the jejunum and in the kidney were largely absent in septic PD-1 Ϫ/Ϫ mice. Looking at two lymphoid organs, the spleen and thymus, we and others have seen not only marked disrupted tissue architecture and loss of cellularity but also substantial evidence of karyorrhectic/apoptotic cell bodies in septic WT mice (19) . In contrast, septic PD-1 Ϫ/Ϫ mouse splenic histology appeared relatively normal; and the thymus showed much fewer karyorrhectic/apoptitic cell bodies, although the loss of lymphocytes was only partially prevented (Fig. 1B) . These results show that PD-1 deficiency reduces the pathological damage seen in multiple organs during severe sepsis, which likely improved the survival of PD-1 Ϫ/Ϫ mice.
Sepsis is associated with high circulating cytokine levels and sustained infection, which contribute to development of MSOF, the direct cause of mortality (3) (4) (5) . Studies have shown that the production of inflammatory cytokines and chemokines are augmented during CLP-induced sepsis and either pro-inflammatory or anti-inflammatory cytokines are associated with mortality when they are expressed at high levels (6, 20) . Therefore, we chose to investigate the effect of PD-1 gene deficiency on systemic blood inflammatory cytokine/chemokine levels after CLP. The systemic cytokine profiles of sham-or CLP-treated WT and PD-1 Ϫ/Ϫ mice were measured at 6 hours or 24 hours after surgery (Fig. 1C and Fig.  S2 A) . Sham surgery did not cause a significant rise in cytokine production. The circulating levels of interleukin (IL)-6 and CCL2 at 6 hours were higher than those at 24 hours post-CLP, and the CCL2 levels in septic PD-1 Ϫ/Ϫ mice were significantly lower than that in WT mice at both time points, however, the IL-6 levels in septic PD-1 Ϫ/Ϫ mice were only significantly lower than that in WT mice at 6 hours, not at 24 hours post-CLP. Other pro-inflammatory cytokines (IL-1␤ and tumor necrosis factor [TNF]-␣) and the anti-inflammatory cytokine (IL-10) reached their peak levels at 24 hours post-CLP, which were markedly higher in WT mice than in PD-1 Ϫ/Ϫ mice, except TNF-␣, which level in septic PD-1 Ϫ/Ϫ mice was almost equivalent to the level in septic WT mice at 6 hours post-CLP. The TNF-␣ levels at 6 hours post-CLP suggests that TNF-␣ might play a protective role at the beginning of sepsis. Chemokine CXCL2 reached a higher level at 24 hours than at 6 hours post-CLP, and the levels were significantly lower in septic PD-1 Ϫ/Ϫ mice than those in septic WT mice. Similar to the systemic PD-1 Ϫ/Ϫ mice had markedly reduced bacterial burden after CLP. Levels of aerobic bacteria were expressed as CFU per 100 l. The graphs depict data pooled from two to three independent studies showing similar results (n ϭ 9 -11). Horizontal bar indicates median for each group. P value by Mann-Whitney test.
blood cytokine profile, expression of local peritoneal lavage fluid inflammatory cytokines (TNF-␣, IL-1␤, IL-6, and IL-10) and chemokines (CXCL2 and CCL2) was attenuated in PD-1 Ϫ/Ϫ mice when compared with those in WT mice ( Fig. S2B) , suggesting that the peritoneum may be an important contributor to circulating cytokine levels. Interferon (IFN)-␥ and IL-12 were not detectable in the above samples. Overall, these results indicate that the inflammatory response to sepsis in PD-1 deficiency is less vigorous than that in WT mice, which may be one of the reasons for less severe organ failure and the decline in mortality in septic PD-1 Ϫ/Ϫ mice. In experimental sepsis, sustained/chronic infection is thought to be the cause as well as the result of overzealous inflammation (3, 4, 6) . In this model, we found that at 6 hours post-CLP, WT mice had markedly higher systemic levels of bacteria than did PD-1 Ϫ/Ϫ mice (median 12 colony forming units [CFU]/100 l of WT samples vs. 0 CFU/100 l of PD-1 Ϫ/Ϫ samples; Fig. 1D Left) . At 24 hours post-CLP, PD-1 Ϫ/Ϫ mice displayed a profound capacity to clear bacteria, as none of the blood samples (from nine mice in three independent experiments) cultured developed any colonies, whereas WT mice had even higher systemic levels of bacteria than were seen at 6 hours post-CLP (median 110 CFU/100 l of WT samples vs. 0 CFU/100 l of PD-1 Ϫ/Ϫ samples; Fig. 1D Right). Peritoneal lavage was performed at 4 hours and 24 hours after CLP so that the effects of PD-1 gene deficiency on the control of local site infection could be estimated. At 4 hours after CLP, it was evident that the bacterial colony development from the peritoneal lavage of PD-1 Ϫ/Ϫ mice was significantly lower than that in WT mice (median 4.2 ϫ 10 6 CFU/ml of WT vs. 1.3 ϫ 10 6 CFU/ml of PD-1 Ϫ/Ϫ ), and this difference was even greater at 24 hours post-CLP (median 49 ϫ 10 6 CFU/ml of WT vs. 4 ϫ 10 6 CFU/ml of PD-1 Ϫ/Ϫ ) (Fig. S2C) . Thus, PD-1 Ϫ/Ϫ mice showed greatly improved capacity to clear bacteria, at both a local and systemic level.
Altogether, when compared with septic WT mice, septic PD-1 Ϫ/Ϫ mice showed a less severe inflammatory response and a reduced bacterial burden, indicating that the balance between efficient pathogen clearance and a harmful overactive inflammatory response was affected by PD-1 gene expression, which in turn contributed to the development of MSOF and eventual death of these septic mice.
Macrophages Express Higher Level of PD-1 During Sepsis. Macrophages are thought to be critical components in mediating both bacterial clearance and cytokine release in response to infectious insult (7, 8) . However, although the PD-1:PD-L pathway is thought to be critical in T cell co-stimulatory signal regulation (12, 15, 16) , its role in macrophage-mediated innate immunity is unknown. Therefore, we set out to test the hypothesis that PD-1 expression plays a role in sepsis-induced monocyte/macrophage dysfunction. To do this we initially investigated PD-1 expression on T cells, B cells, dendritic cells (DCs), and macrophages in response to sepsis by flow-cytometric analysis. Surprisingly, although it has been reported that thioglycolate-elicited peritoneal macrophages do not express PD-1 (21), we observed a significant up-regulation of PD-1 expression on peritoneal macrophages at 12, 24, and 48 hours post-CLP ( Fig. 2 A and B) . In contrast, the augmentation of PD-1 expression on splenic T cells and B cells during sepsis was modest and developed more slowly (i.e., was not evident until 24 hours post-CLP) than did the change in macrophage expression. Splenic DCs did not express PD-1 either before or after CLP surgery (data not shown). To further confirm that macrophages were indeed expressing PD-1, mRNA expression for PD-1 was detected in purified peritoneal macrophage from sham-or CLP-treated WT mice. Macrophages from CLP mice expressed consistently elevated levels of PD-1 compared with those seen in sham surgerytreated WT mice (Fig. S3) . These results support the idea that sepsis induces a rapid up-regulation of PD-1 in tissue macrophages at both protein and genomic levels, suggesting that PD-1 expression on macrophages may alter their effects in the pathophysiology of sepsis.
PD-1 ؊/؊ Macrophages Were Resistant to Development of SepsisInduced Cellular Dysfunction. Severe sepsis has also been shown to be closely associated with developing macrophage dysfunction, characterized by diminished bactericidal ability, decreased inflammatory cytokine production, and suppressed antigen-presenting function (9, 10, 22) . In an attempt to determine whether the changes in PD-1 expression on macrophages were associated with the progression of their sepsis-induced dysfunction, macrophages were isolated from septic WT or PD-1 Ϫ/Ϫ mice and their ex vivo cell functions were analyzed.
From a morphological perspective, we observed that macrophages from WT septic mice appeared to be more granular (vacuoles contain more opaque material), which was not seen in the septic PD-1 Ϫ/Ϫ mouse cells (Fig. 3A) , suggesting a difference in the degree of endogenous activation. In view of these data, we subsequently examined the phagocytic capacity of peritoneal macrophages from WT and PD-1 Ϫ/Ϫ mice that had undergone sham or CLP surgery by using an in vitro assay system in which fluoresceinconjugated Escherichia coli were fed to macrophages in serum-free medium (23) . Phagocytosis by septic WT macrophages was profoundly suppressed in comparison to that by WT macrophages from sham-treated mice; however, septic PD-1 Ϫ/Ϫ macrophages displayed no such decline (Fig. 3 B and C) . Importantly, this was evident regardless of whether the microbes were opsonized or not (Fig. S4) .
Another characteristic of macrophage dysfunction observed as sepsis progresses is the reduction in their capacity to actively secrete inflammatory cytokines in response to bacterial stimuli; although, at the same time, cytokines in blood are reported to accumulate at high levels (9, 24) . To investigate whether PD-1 gene deficiency also affects this property, we examined the cytokine productive capacity of septic peritoneal macrophages obtained from WT or PD-1 Ϫ/Ϫ mice in response to lipoteichoic acid (LTA) or lipopolysaccharide (LPS) stimulation. As expected, septic WT mouse macrophages produced markedly lower levels of TNF-␣, IL-6, and IL-1␤ as well as higher levels of IL-10 than macrophages from sham-treated mice, whereas PD-1 Ϫ/Ϫ macrophages from CLP-treated mice exhibited a marked, albeit partial, restoration of the release of these inflammatory cytokines (Fig. S5) .
With respect to T-cell immunomodulatory cytokines, septic PD-1 Ϫ/Ϫ macrophages produced significantly higher levels of IFN-␥ and IL-12 and substantially lower levels of IL-10 than did septic WT macrophages (Fig. S5) . This suggests that PD-1 gene deficiency may also be beneficial in sustaining macrophage anti-pathogen capacity through regulatory potential that favors Th1 immunity.
Collectively, these results demonstrate that PD-1 deficiency appears to prevent the development of macrophage dysfunction on a number of levels during sepsis, which may contribute to the improvement in survival observed in PD-1 Ϫ/Ϫ mice.
Peritoneal Macrophages Were Critical in Maintaining the Protective
Effect Produced by PD-1 Gene Deficiency in Septic Mice. Because clodronate liposomes can deplete peritoneal macrophages but not spleen macrophages when injected into the peritoneum, this approach was used to evaluate the role of peritoneal macrophages in maintaining the survival benefit seen in PD-1 Ϫ/Ϫ mice with severe sepsis. We determined that PD-1 Ϫ/Ϫ macrophages are critical to maintaining the improved survival rate seen in PD-1 Ϫ/Ϫ mice after CLP, because when peritoneal macrophages were depleted from PD-1 Ϫ/Ϫ mice, they showed no increase in septic survival in comparison to WT mice (Fig. 4A) . To determine the extent to which PD-1 Ϫ/Ϫ macrophages are critical in reducing the severity of the inflammatory cytokine storm seen during sepsis, we examined plasma and peritoneal lavage fluid cytokine profiles of clodronate liposomes or PBS-treated septic WT and PD-1 Ϫ/Ϫ mice at 24 hours after surgery. Macrophage depletion caused a more severe systemic and local cytokine response in both WT mice and PD-1 Ϫ/Ϫ mice (Fig. 4 B and C) . PD-1 Ϫ/Ϫ mice displayed a remarkable reduction in systemic and local cytokine levels in comparison with WT mice post-CLP; however, if PD-1 Ϫ/Ϫ mice were depleted of macrophages, systemic levels of inflammatory cytokines (TNF-␣, IL-1␤, and IL-10) and chemokine CCL2 were markedly elevated. IL-6 and CXCL2 were also up-regulated, although the increase seen in macrophage depleted PD-1 Ϫ/Ϫ mice compared with PD-1 Ϫ/Ϫ mice was not statistically significant. The systemic levels of inflammatory cytokines (TNF-␣, IL-1␤, IL-6, and IL-10) and chemokines (CXCL2 and CCL2) in macrophage depleted PD-1 Ϫ/Ϫ mice were even higher than the cytokine level in septic WT mice. Moreover, although the cytokine level in macrophage-depleted WT mice was higher than that of macrophage depleted PD-1 Ϫ/Ϫ mice, the difference was no longer significant (Fig. 4B) . Macrophage depletion also affected cytokine levels in the peritoneum; inflammatory cytokines (TNF-␣, IL-1␤, IL-6, and IL-10), and chemokines (CXCL2 and CCL2) displayed a pattern similar to that seen in the serum (Fig. S6) .
In parallel to cytokine production, peritoneal macrophagedepleted PD-1 Ϫ/Ϫ mice exhibited an increased bacterial burden in blood in comparison with PD-1 Ϫ/Ϫ mice (Fig. 4C) . Although PD-1 Ϫ/Ϫ mice could clear bacteria very efficiently (i.e., to the extent that no colonies developed in 100 l of blood 24 hours post-CLP), after PD-1 Ϫ/Ϫ mice had been treated with clodronate liposomes i.p., the bactericidal capacity of PD-1 Ϫ/Ϫ mice was markedly reduced. This result demonstrates that the enhanced bactericidal potency in PD-1 Ϫ/Ϫ mice was at least partially dependent on the presence of peritoneal macrophages. In combination with the results of the systemic blood and local peritoneal cytokine pattern, the change in systemic bacteria counts indicates that PD-1 Ϫ/Ϫ macrophages are pivotal to maintaining a competent and balanced inflammatory response to septic challenge, culminating in improved survival.
PD-1 May Be a Marker of Monocyte Dysfunction During Sepsis.
The above results show that in a murine model, PD-1 appears to be critical to the outcome of sepsis and contributes to its pathological effects, in part through its action in macrophages. Thus, we wondered to what degree PD-1 expression might serve as a potential marker of macrophage dysfunction. To assess this, PD-1 expression on circulating monocytes in septic mice was monitored. At 12 hours and 24 hours postsurgery, monocytes from septic mice expressed significantly higher levels of PD-1 than did monocytes from control mice (Fig. 5A and Fig. S7A ). Importantly, we observed similar up-regulation in patients with septic shock. At days 1-4 after the onset of septic shock, the percentage of PD-1 ϩ monocytes from septic shock patients was significantly higher than from healthy volunteers (median 17% of patients at days 1-2, 22% of patients at days 3-4 vs. 6% of healthy volunteers at either days 1-2 or days 3-4) (Fig. 5B and Fig. S7B ). These results suggest that PD-1 may be a potential marker of tolerogenic monocyte/macrophage development during sepsis.
Our data show that besides the critical roles that PD-1 plays in viral infection (14) (15) (16) , PD-1 also appears to be an important mediator in the pathophysiology of severe bacterial infection, like sepsis, because PD-1 Ϫ/Ϫ mice are profoundly resistant to CLPinduced lethality. With respect to the nature of the mechanisms that contribute to this survival advantage, we found that PD-1 Ϫ/Ϫ mice had a greater bactericidal capacity and produced a less severe inflammatory cytokine storm during the initial response to severe CLP-treated WT mice; } P Ͻ 0.05, macrophage depleted PD-1 Ϫ/Ϫ mice vs. macrophage intact PD-1 Ϫ/Ϫ mice by Mann-Whitney test. Graphs depict data (mean Ϯ SEM) pooled from two to three independent experiments. (C) Macrophages play a role in the improved bacterial clearance seen in PD-1 Ϫ/Ϫ mice during sepsis. At 24 hours after CLP, macrophage-competent mice and macrophage-depleted mice were bled, spread on TSA plates, and incubated for 24 -48 hours at 37°C. Levels of bacteria were expressed as CFU per 100 l. Horizontal bar indicates median for each group. (n ϭ 5-9) P value by MannWhitney test. sepsis. These results demonstrate that PD-1 may be able to sway the outcome of bacterial infection by influencing the delicate balance between effective antimicrobial immune defense and immunemediated tissue damage. Moreover, macrophages are protected from developing dysfunction during sepsis in PD-1 Ϫ/Ϫ mice. Along with the up-regulation of PD-1 expression on WT macrophages during the progression of sepsis, these changes may in turn contribute to maintaining the balance between efficient pathogen clearance and inflammatory response, thus resulting in an improved outcome by attenuating the development of MSOF. That said, it has been previously reported that thioglycolateelicited peritoneal macrophages do not express PD-1 (21) . However, we have shown here that macrophages and monocytes harvested from the peritoneum and blood from both sham-treated and CLP surgery-treated mice expressed PD-1 on their surface. This suggests that macrophage PD-1 expression may be induced by stimuli present during the septic inflammatory response in a fashion that would appear to be independent of the signals and processes used in these prior studies. To further confirm that PD-1 is specifically expressed by macrophages, similar changes in the mRNA expression of PD-1 could be seen in purified macrophages from sham-or CLP-treated mice. These results indicate that mice macrophages can express PD-1 not only when stimulated by inflammatory response encountered with the tissue injury associated with the sham or CLP protocol, but also are further amplified by inflammatory response against bacteria infection. Importantly, we have also found that blood monocyte PD-1 levels from both septic mice and septic shock patients are markedly increased, in keeping with a recent report that circulating leukocytes from traumatically injured patients expressed higher levels of PD-1 than those from controls (25) . Taken together, these results demonstrate that the up-regulated PD-1 expression on macrophages/monocytes during sepsis associates closely with their functional decline, suggesting that PD-1 may be used as a marker of the developing of macrophages/monocytes dysfunction. These findings also extend our understanding of the function of PD-1, from its role as a tolerogenic marker and mediator of T-cell anergy (15, 16) to an immunesuppressive marker and effector of macrophage/monocyte anergy. Furthermore, our study identifies PD-1 as the first receptor of B7:CD28 family that can act directly on effector cells of innate immune system, revealing new ways in which B7:CD28 family members may regulate the immune response to sepsis and possibly other infectious/inflammatory conditions. Until recently, apart from the administration of antibiotics, the treatment of sepsis and septic shock has largely been limited to supportive strategies (26) . Because all of the clinical trials designed to neutralize single inflammatory cytokines have failed, some investigators have suggested that normalization of a number of components of the inflammatory cytokine storm through surface receptors in a ''global'' fashion might represent a potential alternative approach to improve overall prognosis (23) . To this end, we believe that these data indicate that regulating innate immune cell (e.g., macrophage) function by modulation of surface receptors, such as PD-1, may be such a strategy for the treatment of sepsis.
Methods
Mice and Cecal Ligation and Puncture. Cecal ligation and puncture (CLP) was used to induce acute septic peritonitis (27) .
Patients. Five patients, who were diagnosed with septic shock according to the criteria of the American College of Chest Physicians/Society of Critical Care Medicine, were enrolled in this study, along with 5 healthy volunteers. Cell phenotyping was assessed at 1-2, 3-4, and 5-6 days after the onset of shock (28) .
Phagocytosis Assay. Adherent macrophages were then co-cultured with Fluorescein-conjugated E. coli (Molecular Probes) in PBS at 37°C for 1 hour and then were washed completely with phosphate-buffered saline (PBS) (23) . The mean fluorescence integrated intensity (MII) per cell was calculated with MetaVue software (Meta Imaging Series 6.1, Universal Imaging Co. ) and used as a measure of phagocytosis.
In Vivo Macrophage Depletion. Macrophages were depleted by the pretreatment of mice with liposomes containing dichloromethylene bisphosphonate (clodronate liposomes) (29) .
All Others. See SI Materials and Methods.
